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We discuss formation of dark matter (DM) mini-halos around primordial black holes (PBHs)
and its implication on DM direct detection experiments. Motivated by LIGO observations, we take
fDM ' 0.01 as the fraction of DM in PBHs with masses 10M − 70M. Under these conditions,
previous computations show PBHs may capture more than half of the DM background at the time
of the first galaxies. Our analytical estimates suggest that a significant part of the DM background
ends up localized as mini-halos around PBHs inside galactic halos is plausible. High-resolution
simulations are encouraged. If the proposed scenario is realized, DM direct detection experiments
would be compromised.
INTRODUCTION
Nowadays, the idea of PBH dark matter has been
strongly revitalized since the first detection of two merg-
ing black holes by the LIGO-Virgo collaboration [1]. This
first detection (GW150914) corresponds to the merger of
two black holes with masses ∼ 30M. Assuming all black
hole binaries relevant to the LIGO observation share the
same mass and other physical parameters, the estimation
for the merger event rate is 2− 53 Gpc−3yr−1 [2]. It was
shown in [3–5] that the coalescence of PBH binaries can
successfully explain this merger rate if PBHs constitute
a small, but non-negligible, fraction of dark matter.
If the merger of PBH binaries is actually the source of
gravitational wave events detected by LIGO-Virgo col-
laboration, estimates of the PBH merger rate can be
translated into an (potential) upper bound on fDM ≡
ΩPBH/ΩDM. This bound is stronger than most of current
observational constraints [6–10] for 10−300M PBH 1. If
PBHs comprise a significant fraction of dark matter, they
would produce a merger rate larger than those observed
by LIGO [5, 12–14].
Assuming an extended PBH mass function and the
possibility of a clustered spatial distribution, the frac-
tion of dark matter in PBHs is estimated in [14]. The
merger of PBH binaries can explain the merger rate in-
ferred by LIGO [15] if fDM = 4.5× 10−3− 2.4× 10−2 for
30M PBHs and a lognormal mass function.
By considering tidal forces over the PBH binary com-
ing from all remaining PBHs and standard large-scale
adiabatic perturbations, potential upper bounds on fDM
as a function of PBH masses are discussed in [13]. LIGO
1 We mention that CMB constraints reported by Ricotti et al.
(2008) [11] overestimated the effects of PBHs on CMB observ-
ables by a factor of O(102) as was discussed in [10]. Thus, we do
not consider these constraints in our analysis.
O1 run [16–18] would constrain ∼ 10M−300M PBHs
to be a fraction of dark matter no more than 1%. In par-
ticular, potential upper bounds for 10M and 300M
PBHs are reported to be fDM <∼ 8× 10−3 and 9× 10−3,
respectively.
Generally speaking, the PBH merger rate may be af-
fected by the cosmological evolution of binaries. After
formation during the early Universe, some PBH binaries
may be disrupted before merging. Analytical estimates
suggest that most of the PBH binaries evolve without dis-
ruption until merger [13]. This is expected for the case
fDM  1, but as the fraction of dark matter in PBHs
increases, disruption of binaries should become more sig-
nificant. A robust calculation of the binary merger rate
needs to include a suitable suppression in the merger rate
due to disruption coming from a third PBH close and/or
dense PBH clusters. A small boost in the upper bound
of fDM is reported in [19] after including a suppression
factor on the binary merger rate coming from this effect.
Current constraints on fDM derived from gravitational
wave observations include several theoretical uncertain-
ties. To obtain a robust conclusion, a complete set of nu-
merical simulations covering several highly complex (but
well-defined) astrophysical processes is needed. For our
purposes, motivated by LIGO-Virgo detections and ob-
servational constraints, we take the conservative value
fDM ' 0.01 for the characteristic fraction of dark matter
in ∼ 10M - 70M PBHs 2.
To find the second dark matter component to accom-
pany PBHs we need to look for beyond the Standard
Model of particle physics. By considering shortcomings
in this model, the weakly interacting massive particle
(WIMP) and the axion [20–23] are the strongest can-
didates. However, the WIMP and PBHs cannot coexist
2 Here we take into account CMB-anisotropy constraints from pho-
toionization of the local gas from PBH radiation [10].
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2unless the dark matter fraction in PBHs is highly sup-
pressed [24, 25]. Primordial black holes are expected
to acquire dark mini-halos from the surrounding dark
matter background. If this background is composed by
WIMPs, then inner regions of these halos would un-
dergo WIMPs self-annihilation becoming strong sources
of gamma rays and neutrinos. This set up assumes
self-annihilation of WIMPs during the late Universe
into standard model particles; so there is no significant
WIMP-antiWIMP asymmetry, or dominant annihilation
into hidden sectors. If the LIGO events are due to PBHs,
we can safely exclude the standard WIMP scenario 3. So
arguably, the most serious dark matter candidate to ac-
company PBH dark matter is the axion.
Even though we are primarily motivated by the axion
in this work, we are not excluding other possible dark
matter candidates. Since the formation of dark mini-
halos around PBHs holds for any dark matter candidate,
such as axion-like particles or generic dark matter, con-
clusions in this letter are extensive to any kind of can-
didate which forms the remaining 99% of dark matter.
However, we expect accretion will not be efficient for
ultra-light axions (or ultra-light scalar dark matter par-
ticles) when their De Broglie wavelength is comparable
with or larger than the halo radius.
After PBHs formation in the early Universe, they will
acquire a mini-halo from the dark matter background (a
PBH with a mini-halo is sometimes called in the liter-
ature as dressed PBH). The theory of spherical gravita-
tional collapse in an expanding Universe [26] tells us that
any overdensity within a sphere will seed the growth of
a mini-halo. PBHs are local overdensities in the dark
matter distribution and they act as seeds for the forma-
tion of dark matter structures. Analytical and numerical
calculations [26, 27] show the dark mini-halo growth dur-
ing the radiation-dominated era is only the order of the
unity in units of the central PBH mass, MPBH. How-
ever, this growth can reach up to ∼ 102MPBH during the
matter-dominated era. During this era, the dark mini-
halo mass and radius are parameterized in terms of the
redshift as [11, 27]
Mhalo(z) = 3
(
1000
1 + z
)
MPBH , (1)
Rhalo(z) = 0.019 pc
(
Mhalo
M
)1/3 (
1000
1 + z
)
, (2)
where Rhalo is about one-third of the turnaround radius.
Equations (1,2) assume a growth of the dark mini-halo
in absense of external tidal forces. This assumption only
holds before the epoch of formation of the first galaxies
3 WIMPs with masses >∼ 100 TeV would evade this kind of con-
straint (private communication with S. Shirai).
at redshift z ∼ 30. At that time, we expect dressed PBHs
to begin to interact with non-linear structures. On the
other hand, as dressed PBHs begin to form a significant
part of the dark matter, the halo growth rate begins to
decrease [27]. Thus, Mhalo(z ' 30)/MPBH ' 102 needs
to be seen as an upperbound for the maximum mass of
a PBH halo at that time.
From the above, we need to take seriously the possi-
bility that nowadays a significant part of dark matter is
part of dark mini-halos surrounding PBHs inside galac-
tic halos. If this is the case, then the capability of earth
based direct detection experiments, such as the ability of
ADMX to detect axions [28, 29], would be compromised.
Even though we are mainly interested in LIGO-
motivated PBHs with masses 10M−70M, our warning
is extensive to PBHs with larger, or smaller, masses. If we
consider only collisional ionization of the background gas
in CMB-anisotropy constraints, e.g. the radiation com-
ing from PBHs is not able to ionize the local gas [10],
one may extend the mass range of PBHs of our inter-
est to ∼ 10M − 300M for fDM ' 0.01. In addition,
primordial black holes which are formed with a mass
MPBH >∼ 1.6 × 10−17M do not evaporate 4 but be-
gin to form compact dark-mini halos by accreting the
surrounding dark matter. Since they may compose 1%
of dark matter without tension with observational con-
straints [30–34], they may accrete in the form of mini-
halos a significant fraction of dark matter background.
Previous studies have focused on analizing the presence
of Earth mass dark matter clumps (which are formed
without the intervention of PBHs as seeds) inside Milky
Way halo and their impact on signatures for direct and
indirect detection of dark matter. Several cosmological
simulations suggest that a significant number of them
survive the effect of tidal forces [35–39] with the subse-
quent potential effect on dark matter detection. Others
suggest these dark matter substructures would have a
negligible effect today on dark matter detection experi-
ments [40, 41].
As far as we know, this is the first time that LIGO-
motivated PBHs with dark mini-halos are proposed as a
potential threat for direct detection of dark matter on
the Earth.
BINARY MERGER RATE IN THE PRESENCE
OF DARK HALOS AROUND PBHS
We expect that PBHs in binaries also acquire dark
mini-halos before and after the binary formation. In this
section, we will adopt notation used in [5]. Suppose that
4 Primordial black holes lighter than 3 × 10−19M evaporate
within the present age of the Universe.
3x¯ is the mean physical separation of PBHs with mass
MPBH at the time of matter-radiation equality, teq, de-
fined as
x¯ =
(
MPBH
ρPBH(teq)
)1/3
=
f
−1/3
DM
(1 + zeq)
(
MPBH
ΩDMρc,0
)1/3
, (3)
where we have assumed a monochromatic mass function
for PBHs and x¯ ∼ 3× 1015 m (MPBH/M)1/3(fDM)−1/3.
For the mass range of our interest, binaries merging at
the present time are formed at z <∼ zeq [13]. Suppose
that two neighboring PBHs are separated by a physi-
cal distance x at teq, where x ≤ x¯. Define zdec as the
redshift at which the pair of PBHs decouples from the
Hubble flow and form a gravitationally bound system.
The binary is formed when the local energy density of
the pair ρbinary(zdec) exceeds the radiation energy den-
sity ρr(zdec), e.g.(
1 + zdec
1 + zeq
)
' fDM
( x¯
x
)3
. (4)
The semi-major axis of the binary at the formation time
can be written as a ∼ x(1+zeq)/(1+zdec). Using Eq. (4)
we obtain a ∼ x4/(x¯3fDM). More detailed analytical and
numerical results in [4, 13] suggest a = αx4/(x¯3fDM),
where α = 0.4. If the binary decouples at zdec = zeq,
we have x = f
1/3
DMx¯ at the decoupling time. Thus, the
maximum semi-major axis of the PBH binary at the time
of formation reads as
amax = αf
1/3
DMx¯ . (5)
Including the formation of a dark mini-halo around PBHs
will slighty modify this relation. From Eq. (1), we see
that PBHs acquire a mini-halo between their formation
and the formation of binaries. The energy density of
the binary at redshift z will increase by a factor equal to
(1+Mhalo(z)/MPBH), where Mhalo(z) is given by Eq. (1).
Then, PBH binaries will decouple earlier during the radi-
ation dominated era. We can rewrite the semi-major axis
of the binary as a = αx4ρeq/(2MPBH), where ρeq is the
energy density at the matter-radiation equality. Then,
considering the mini-halo mass at the decoupling red-
shift, we have ahalo = a/[1+Mhalo(zdec)/MPBH] for fixed
x. Here ahalo indicates the semi-major axis under the
presence of a dark mini-halo around each PBH at the
time of binary formation. Similarly, for the maximum
semi-major axis of the binary, we have
amax,halo =
[
1 +
Mhalo(zeq)
MPBH
]1/3
amax = 2
1/3amax , (6)
where we have used Mhalo(zeq) = MPBH [27]. The maxi-
mum value for the semi-major axis of binaries is enhanced
by ∼ 26% in the presence of dark mini-halos around
PBHs.
The eccentricity of the binary orbit at the time of for-
mation is directly related to the angular momentum per
unit of reduced mass as j =
√
1− e2. A simple estimate
of this angular momentum is obtained by multiplying the
torque over the binary exerted by the nearest third PBH
and the free-fall time as j ∼ (x/y)3. Here y is the phys-
ical distance to the third PBH at teq. A more detailed
analysis is performed in [4] by including tidal forces from
all surrounding PBHs suggesting j = β(x/y)3, where
β = 0.8. The presence of these tidal forces on the bi-
nary avoids a head-on collision between the two PBHs
which form the binary. The addition of dark mini-halos
around PBHs would not have a significant impact on the
eccentricity at the time of binary formation. The torque
exerted on the binary will increase as the binary forma-
tion occurs deeper in the early Universe. However, the
formation of dark mini-halos is not significant at early
times because there had not been enough time for dark
matter accretion.
In agreement with estimates and numerical computa-
tions reported in [42], our estimates suggest the presence
of dark mini-halos would have only a small effect on the
parameter space defined by (a, e) at the time of binary
formation. In addition, these authors performed N-body
simulations of orbiting PBHs and their corresponding
dark mini-halos after binary formation. Their main re-
sult is that the semi-major axis and the eccentricity of
binaries will both decrease as a result of the dynamical
friction and tidal forces exerted by dark mini-halos. This
process occurs in a short time scale after binary forma-
tion, O(104 yr) for binaries composed by 30M PBHs.
After orbit parameters stabilize, the binary would de-
cay in the usual way by gravitational radiation. Binary
shrinking and orbit circularization tend to compensate
each other with respect to their effects on the binary
merger rate because, for an initial (a0, e0), the binary co-
lalescence time through emission of gravitational waves
reads as tcoal ∼ a40(1− e20)7/2/M3PBH [43].
Limits on fDM are about 2 times stronger than those
derived by the case of naked PBHs in [13]. For the mass
range 10M − 300M, the presence of dark halos con-
strain fDM to be no more than 4 × 10−3 [42]. However,
this constraint does not consider disruption of dressed
PBH binaries after their formation coming from other
isolated PBHs or clustered spatial distribution. This dis-
ruption should be enhanced in the presence of dark mini-
halos.
Since all constraints on fDM are subject to a wide
spectrum of uncertainties and caveats, we consider
that our conservative upper bound fDM ' 0.01 for
10M − 70M PBHs still holds as a reasonable possi-
bility.
4EVOLUTION OF DRESSED PBHS
In our specific case, when PBHs correspond to an ini-
tial fraction of dark matter fDM ' 0.01, dressed PBHs
will eventually begin to dominate the dark matter abun-
dance during the accretion process. At that time, the ac-
cretion rate will become slower due to the decrease in the
dark matter density background. In the PBH mass range
of our interest, numerical simulations reported in [27]
suggest the final mass of dark halos accreted by PBHs will
decrease ∼ 50%−55% of the original matter background
at z ∼ 30. At around this redshift, the dressed PBHs will
begin to interact with non-linear systems to be finally in-
corporated (together to the remaining dark matter back-
ground) to galactic halos at z ∼ 6 (for a review about
cosmological structure formation see, for example, [44]).
As galaxies evolve, further isolated or clustered dressed
PBHs, as well as dark matter background, may be incor-
porated to galactic halos. Taking into consideration that
clustering of dressed PBHs will enhance the accretion
rate of dark matter, we expect that the accretion of the
smooth dark matter background from PBHs inside galac-
tic halos should keep going as a continuous process. On
the other hand, we also expect dark mini-halos undergo
different levels of disruption. The dominant disruption
processes acting on dark matter substructures correspond
to tidal forces coming from the mean-field potential of
the Milky Way (tidal stripping) and the interaction with
stars from the galactic disk (tidal shocking). Large dark
matter substructures with masses greater than 107M
would be completely disrupted within a galactic radius
of 30 kpc, as suggested by N-body simulations performed
in [45]. By contrast, the fate of smaller and denser dark
matter substructures is not totally clear and there is a
possibility that a significant part of them survive until
today in the solar neighborhood.
Even if we assume a narrow mass function for PBHs,
we expect to have a broader mass distribution for mini-
halos in Milky Way halo. Since we do not know the
exact evolution of dressed PBHs between the time of the
first galaxies and the time of galactic halos formation,
we will assume the presence of dressed PBHs in Milky
Way halo having halo mass and radius similar to those at
z ∼ 30 from Eqs. (1,2). In the following analysis, we will
normalize the halo mass and radius with respect to Mmax
and Rmax, where Mmax ≡Mhalo(Rmax) ' 102MPBH.
The high density of dark mini-halos around PBHs of-
fers them some level of protection against tidal stripping.
In the point-like approximation, the tidal radius is calcu-
lated to be [46, 47]
rtidal =
(
Mhalo(Rhalo) +MPBH
3MMW
)1/3
Rp . (7)
Here Rp and MMW ∼ 9 × 1011M correspond to the
perigalactic distance of the dressed PBH and the Milky
Way mass, respectively.
As a dressed PBH crosses through the galactic disk,
high-speed interactions with stars may lead to mini-halo
disruption. On average, we do not consider very close
encounters which may inmediately lead to a total mini-
halo disruption. Using the distant-tide approximation,
the disruption probability of a dark mini-halo crossing
the stellar field of the disk is estimated as [40]
Pdisrup ' 4GNM?n?tRhalo
vDM
, (8)
where M? is the typical star mass, n? ∼ 0.1 pc−3 is
the number density of stars in the galactic disk, and
vDM ∼ [GN (Mhalo(Rhalo)+MPBH)/Rhalo]1/2 is the veloc-
ity of the dark matter particles. The dark mini-halo will
be completely disrupted at tdisrup when this probability
is equal to the unity. Consider that the crossing time is
estimated to be tcross ∼ Myr (H/150 pc)/(Vz/300 km/s),
where H is the half-height of the disk and Vz is the
dressed PBH velocity perpendicular to the disk plane.
We define Ndisrup ≡ tdisrup/tcross as the number of disk
crossings needed so that a dressed PBH is totally dis-
rupted. Assuming an age of the galaxy ∼ 10 Gyr, circu-
lar orbits of dressed PBHs in the galactic frame, and the
M11 Milky Way model [48], the number of disk crossings
at the sun perigalactic distance is Ncross(R) ∼ 90 [49].
By calculating Rp at which rtidal/Rhalo = 1, Fig. 1
(top) shows dressed PBHs are relatively safe from tidal
stripping at R. In addition, as we slowly move towards
the galactic center, smaller dressed PBHs are more re-
sistent under disruption. Figure 1 (bottom) shows that
the number of crossing of dressed PBHs needed for total
mini-halo disruption is the order of Ncross(R). However,
when we consider smaller dressed PBHs their resistance
under tidal shocking significatively increases. Here we are
not considering the internal structure of dressed PBHs,
the angular distribution of their orbits, and the fact that
PBHs should accrete dark matter between disk crossings.
Since mini-halo density profile evolves as dressed PBHs
cross the galactic disk, our result suggests that succesive
stellar encounters would be less effective to disrupt mini-
halos (see [50, 51] for the case of dark matter clumps).
Even though both estimates from above are very
rough, they give us some room to encourage further
analysis. Since all astrophysical processes involved at
low redshifts hold in a highly non-linear regime, a full set
of high-resolution cosmological simulations is required
to determine how much of the axion dark matter
background would finally ends up incorporated to dark
mini-halos around PBHs inside galactic halos. These
set of simulations should include internal structure of
dressed PBHs and their radial profile evolution under
interactions, non-linear gravitational clustering, and
continuous accretion.
5FIG. 1. (Top) Tidal stripping coming from the mean-field
potential of the Milky Way. Here R = 8.29 kpc is the dis-
tance from the Sun to the galactic center [48] and Mmax ≡
Mhalo(Rmax) ' 102MPBH. The dashed red (blue) line cor-
responds to Rp/R (Mhalo(Rhalo)/Mmax). (Bottom) Tidal
shocking coming from interactions with stars in the galactic
disk during disk crossing. The dashed red (blue) line corre-
sponds to Ncross(R)/Ndisrup (Mhalo(Rhalo)/Mmax).
IMPLICATIONS FOR DIRECT
DETECTION OF DM
The fraction of dark matter background today in our
galactic halo is of crucial importance for direct detection.
A significant confinement of dark matter in mini-halos
around PBHs would drastically affect the flux of dark
matter particles on the Earth and, as a result, direct de-
tection experiments, such as ADMX, would have their
sensitivity reduced. If fhalo is the fraction of the dark
matter background which is in the form of mini-halos,
then the average dark matter density on the Earth would
be reduced by the same factor, ρDM,local/fhalo. Here
ρDM,local ∼ 0.5 × 10−24 g cm−3 is the typical local dark
matter density.
In the limit in which the whole bulk of dark matter is
in mini-halos around PBHs in the Milky Way halo, the
number of encounters between the Earth and a dressed
PBH per unit of time is given by
N⊗PBHd = nPBHd × σeffvrel , (9)
where nPBHd is the number density of dressed PBHs, σeff
is the effective cross section for the encounter between
the Earth and a dressed PBH, and vrel ' 3× 102 km/s is
the relative velocity between both astrophysical objects.
The number density of dressed PBHs in the Milky Way
halo is given by nPBHd = ρDM,local/[Mhalo(z) + MPBH].
The effective cross section is given by the usual geomet-
rical cross section enhanced by the gravitational focus-
ing as σeff = pi(Rhalo + R⊗)2[1 + (vesc/vrel)2]. Here
R⊗ is the Earth radius and vesc = {2GN [Mhalo(z) +
MPBH]/Rhalo}1/2 defines the escape velocity of the Earth
from the gravitational pulling of a dressed PBH. Taking
Mhalo ∼ 102MPBH and Rhalo ∼ 3 pc (MPBH/M), we ob-
tain N⊗PBHd ∼ 0.6 Myr−1. Hence the chances of direct
detection of DM in these mini-halos is extremely small.
On the other hand, in the case that future numerical
simulations report a significant clumpiness in dark
mini-halos around PBHs in the Milky-Way halo, a
positive direct detection in ground-based experiments,
such as by ADMX for axions, would suggest that LIGO
gravitational wave detections are not caused by the
merger of PBH binaries (for possible explanations about
the origin of LIGO black holes and the formation of
their binaries see [18] and references therein).
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